By using AT8-immunocytochemistry that visualizes hyperphosphorylated tau protein, we examined neurofibrillary changes related to sporadic Alzheimer's disease (AD) in N = 40 individuals at neurofibrillary tangle (NFT) stages I-IV. We report the presence of abnormal tau changes within solitary pyramidal neurons in layers III and V of the neocortex. These pyramidal cells showed pathology in different cell compartments (dendritic, somatic, axonal) that appeared to occur sequentially: Tau pathology was seen in distal segments of the basal dendrites, then in proximal dendrites, the soma, and, finally, in the axon of affected neurons. These findings are remarkable in that they point to the existence of neurofibrillary changes in regions routinely associated with later NFT stages. In addition, they lend support to the idea that it may be the axons of corticocortical top-down neurons in neocortical fields involved in AD that carry and spread abnormal tau seeds in a focused manner (transsynaptically) into the distal dendritic segments of nerve cells following directly in the neuronal chain, thereby sustaining further tau-seeded templating.
Introduction
The gradual and progressive development of aggregated tau protein in select neuronal types of the brain is central to the pathological process underlying sporadic Alzheimer's disease (AD) (Braak and Braak 1991a; Hyman and Goméz-Isla 1994; Braak and Del Tredici 2015a) . The neurofibrillary lesions commence in nerve cells at defined subcortical and cortical predilection sites and progress from there according to a predictable sequence into previously uninvolved regions. In AD, the cerebral cortex bears brunt of the tau pathology: Cortical lesions begin in transition fields between allocortical and neocortical regions of the temporal lobe. From there, they progress into neocortical areas of the temporal lobe. The process then spreads into parietal and occipital high-order sensory association fields and prefrontal areas, then into first order sensory association fields and premotor areas, and, finally, into the neocortical primary fields (Braak and Braak 1991a; Alafuzoff et al. 2008; Braak and Del Tredici 2015a) . The basic construction of the various neocortical fields and their neuronal constituents have common traits, including specific cell types, laminar connections, and columnar organization (Nieuwenhuys 1994; Zilles and Amunts 2012; Amunts and Zilles 2015) . The regional progression phenomenon of the pathological process in the neocortex during AD underpins our earlier proposal that the disease process might be driven by the transmission of abnormal tau seeds from a donor neuron to the next recipient neuron via cortico-cortical top-down connections Del Tredici 2011, 2015a) .
With the exception of neurofibrillary tangle (NFT) stage VI, the other stages display neocortical fields that typically are AT8-immunonegative, i.e., macroscopically uninvolved (Fig. 1) . However, by using a section thickness of 100-300 μm, we could visualize and study single AT8-immunopositive pyramidal neurons, including their dendritic trees (Braak and Braak 1991b) , in neocortical layers III and V of, among others, the peristriate region or the superior temporal gyrus, in individuals with neurofibrillary lesions corresponding to NFT stages I-IV. These rare AT8-immunopositive pyramidal cells were remarkable because (1) they occurred in neocortical brain regions that routinely are associated with NFT stages V and VI rather than with earlier stages (Braak and Braak 1991a; Braak et al. 2006; Alafuzoff et al. 2008; Braak and Del Tredici 2015a) and (2) they were distantly located from fields with pronounced AT8-immunoreactivity. The existence of such isolated involved pyramidal cells is in line with a recent study, in which tau seeding activity at NFT stage III anticipated tau pathology in the superior temporal gyrus and in the primary visual neocortex, regions that usually are uninvolved at this stage (Kaufman et al. 2018) .
We describe new histological findings and discuss them in relationship to the manner in which the fields of the neocortex "communicate" with each other, and we also discuss the possible consequences for the progression of the pathological process underlying AD in a prion-like manner along top-down cortico-cortical connectivities.
Material and Methods

Study Cohort
Forty (N = 40) cases staged according to previously published protocols (Braak et al. 2006; Hyman et al. 2012) and 13 (N = 13) controls characterized by absence of mature neurofibrillary changes in the cerebral cortex were included. This retrospective study was performed in compliance with university ethics committee guidelines as well as German federal and state law governing human tissue usage. Informed written permission was obtained from all patients and/or their next of kin for autopsy. The only exclusionary criterion was the presence of tauopathies other than AD, e.g., argyrophilic grain disease, Niemann Pick disease type C, subacute sclerosing panencephalitis, progressive supranuclear palsy, corticobasal degeneration, or frontotemporal lobar degeneration (Dickson 2009 ). Demographic and neuropathological staging data for all cases (12 females, 28 males, 41-85 years of age; controls: 6 females, 7 males, 12-77 years of age) are summarized in Table 1 .
Tissue Fixation, Embedding, and Sectioning
Brainstems and at least a single hemisphere from all individuals listed in Table 1 were fixed by immersion in a 4%-buffered aqueous solution of formaldehyde for 10-20 days prior to dissection for neuropathological assessment. A set of 2 tissue blocks was excised: The first block was cut at mid-uncal level through medial portions of the temporal lobe and encompassed anterior portions of the hippocampal formation and the parahippocampal gyrus (entorhinal and transentorhinal regions), including the occipitotemporal gyrus and inferior up to and including the superior temporal gyrus. The second block was cut through the occipital lobe perpendicular to the calcarine fissure and included high-order visual association areas (peristriate region), a first order visual association area (parastriate area), and the primary visual field (striate area). The tissue blocks were embedded in polyethylene glycol (PEG 1000, Merck, Carl Roth Ltd, Karlsruhe, Germany) and sectioned on a tetrander (Jung, Heidelberg, Germany) at 100-300 μm, as previously described (Braak and Braak 1991b; Braak et al. 2006) . Figure 1 . Overview of intraneuronal AT8-immunopositive pathology (NFT stages II and III) in hemisphere sections of 100 μm thickness. The pathology is macroscopically visible in immunostained anteromedial portions of the temporal lobe. Generally, the density of the lesions that are macroscopically visible decreases and tapers off. Here, in a case assigned to NFT stage II (male, 80 years of age), not only the transentorhinal region but also the entorhinal region proper and the hippocampal formation are clearly affected. In a case assigned to NFT stage III (female, 90 years of age), neurofibrillary changes extend beyond the transentorhinal region (arrowheads indicate its borders) into the laterally adjoining neocortex of the occipitotemporal gyrus, whereas the remaining areas of the temporal lobe, particularly the superior temporal gyrus, appear to be intact. However, in the present study, singular isolated large pyramidal cells could be found in these regions. Reproduced with permission from Braak and Del Tredici 2015a. Neuroanatomy and pathology of sporadic Alzheimer's disease. Adv Anat Embryol Cell Biol 215:1-162.
Staining and Immunocytochemistry
Collections of free-floating sections from all tissue blocks from each case were processed as follows: Following pretreatment with performic acid, pigment-Nissl staining was performed to show the presence and extent of lipofuscin deposits (aldehyde fuchsin) and basophilic material (Darrow red) (Braak and Braak 1991b) , silver methods were used to visualize aryrophilic neurofibrillary lesions (Gallyas silver-iodide) and Aβ plaques (Campbell-Switzer) associated with AD (Braak and Braak 1991b; Braak et al. 2006; Hyman et al. 2012) .
Immunohistochemistry was performed using the following primary antibodies: (1) the mouse monoclonal antibody PHFTau (1:2000; Clone AT8; Pierce Biotechnology, Rockford, IL, USA [Thermo Scientific]) for detection of hyperphosphorylated tau protein in pretangles and in neurofibrillary changes of the Alzheimer type. AT8 recognizes a phosphate-dependent epitope at Serine 202 and Threonin 205 of the tau protein (Goedert et al. 1995) . (2) The mouse monoclonal antibody anti-betaamyloid (1:5000; Clone 4G8; Covance, Dedham, MA, USA) for detection of Aβ plaque deposition. (3) The mouse monoclonal antibody anti-syn-1 (1:2000; Clone number 42; BD Biosciences, Mountain View, CA, USA) for visualization of Lewy pathology (Braak et al. 2003; Braak and Del Tredici 2009) . (4) The rabbit polyclonal antibody that recognizes the N-terminal of the normal nuclear TDP-43 (1:5000; Proteintech, Manchester, UK) for recognition of skein-like cytoplasmic aggregates in amyotrophic lateral sclerosis (Tan et al. 2013) . All immunoreactions could be performed on archival tissue stored in formaldehyde (Kaufman et al. 2017) .
Tissue sections for immunoreactions were treated for 30 min in a mixture of 10% methanol plus 10% concentrated (30%) H 2 O 2 and 80% Tris. Following pretreatment with 100% formic acid for 3 min to facilitate the immunoreactions (anti-β-amyloid), blocking with bovine serum albumin was performed to inhibit endogenous peroxidase and to prevent nonspecific binding. Subsequently, each of the various sets of free-floating sections was incubated for 18 h at 20°C using the primary antibodies. Subsequent to processing with a corresponding secondary biotinylated antibody (anti-mouse IgG, 1:200; Linaris) for 1.5 h, all immunoreactions were visualized with the avidinbiotin complex (ABC, Vectastain, Vector Laboratories, Burlingame, CA, USA) for 2 h and the chromogen 3,3′-diaminobenzidine tetrahydrochloride (DAB, D5637 Sigma, Taufkirchen, Germany). Omission of the primary antiserum resulted in nonstaining. Positive as well as negative control sections were included.
The tissue sections were cleared and mounted in a synthetic resin with a refraction index of 1.58 (Histomount, National Diagnostics, Atlanta, GA, USA). Single sections of both blocks were viewed and neuropathological staging performed with a BX61 microscope (Olympus Optical, Tokyo, Japan). Digital micrographs were taken at different planes using the EFI (extended focal imaging) function as a sharpness projection for stacks of images with the Cell D ® Imaging Software (Olympus, Münster, Germany). The EFI algorithm extracts the image features with the sharpest contrast from all layers of the stack and merges them into a single image (Supplememtary Fig. 1 ). Pathology was assessed semiquantitatively.
Results
Controls and 40/40 cases showed no intraneuronal somatic TDP-43 aggregates. In contrast to this, 4/40 individuals (#11, 12, 31, 40 in Table 1 ) displayed Parkinson's disease-associated Lewy neurites and Lewy bodies (Braak et al. 2003; Braak and Del Tredici 2009) . In 40/40 individuals and in 2/13 control cases (#44 and 48), AT8-immunopositivity was seen in solitary pyramidal cells of layers III and V in cortical regions distantly located from cortical fields with AT8-immunoreactivity considered to be typical of NFT stages I-IV (Table 1) . These abnormal findings either were confined to portions of the involved neuron or filled the entire nerve cell. The AT8-immunoreactivity occurred only in pyramidal neurons, whereas other nerve cell types in their immediate vicinity were intact. The neuropil surrounding the involved pyramidal cells was devoid of abnormal tau. To facilitate understanding, the AT8-immunoreactive findings can be divided into 4 different groups: Group 1: To this group belong pyramidal cells, in which only the thickened or swollen distal segments of their basal dendrites and of proximal side branches of the apical dendrite were filled with AT8-immunoreactive abnormal tau ( Fig. 2 ; see also Fig. 5e ). These cell processes had a bent appearance (Fig. 2) . The skirt-like arrangement of distal segments of the basal dendrites could be followed for some distance, thereby permitting recognition of a central AT8-immunonegative area, around which the skirt of immunopositive distal dendritic segments was radially oriented (Fig. 2) . The AT8-immunopositive dendritic segments appeared to surround an individual (single) pyramidal cell (Fig. 2a) rather than to originate from multiple overlapping pyramidal cells.
Group 2: Other pyramidal cells resembled those in the first group but they also displayed AT8-immunopositive thread-like trailing structures following directly on the thick-caliber distal segments of involved basal dendrites ( Fig. 3a-d ; see also Fig. 5f ). These trailers (or "spokes") in proximal dendrites had a spatial orientation similar to that of the distal dendritic segments in Group 1 and, again, they surrounded a central area that was immunonegative (Fig. 3a) . Alternatively, the central region (or "hub") was seen to be AT8-immunoreactive but could not be otherwise identified, e.g., as a cell soma (Fig. 3b-d) . The calibers of the thread-like trailers in proximal dendrites varied somewhat from cell to cell.
Group 3: To this group belong solitary pyramidal cells that displayed, in addition to the abnormal changes described in Group 2, the presence of pathological tau in their cell somata and, extending from there, in proximal portions of the apical dendrite (Figs 3e,f, 4a,b; see also Fig. 5g ). The apical dendrite was not completely AT8-immunopositive and the tau pathology was not seen to extend into the dendritic terminal tuft ( Fig. 4a,b ; see also Fig. 5g ).
Group 4: The fourth group consists of isolated pyramidal cells whose somata and nearly entire dendritic tree were AT8-immunopositive (Fig. 4c,d ). In addition, pathological tau extended into the vertically aligned axon that emanated from the base of the soma (Fig. 4c,d , arrows; see also Fig. 5h) . The axon and the axon collaterals filled up with pathological tau in a proximal to distal direction (Fig. 4c, arrows ). There were no morphological indications of premature axonal death, nor could abnormalities be detected at the junctures where the axon collaterals began.
Here, 20/40 individuals (#1, 3, 5, 7-9, 11, 13, 18, 22, 26-30, 33, 37-40 ) displayed all 4 group-related phenomena. By comparison, /40 (#2, 14, 20, 21, 24, 34, 36) showed the phenomena associated with the first 3 groups, 6/40 persons (#6, 12, 15, 17, 23, 35) showed those associated with the first 2 groups, and 3/40 individuals (#4, 10, 19) displayed only the first group-related phenomena (Table 1 , last 4 columns).
We also searched for other abnormal AT8-immunopositive patterns and structures. Thread-like structures that might have been, or belonged to, axons were frequent, but they could not be assigned to a definite pyramidal neuron. Structures that must be mentioned here because of their absence included: (1) thread-like and radially-oriented AT8-immunopositive axons in layers III to V, or AT8-immunopositive axons that ran horizontally through layers I or II; (2) isolated AT8-immunopositive somata and solitary apical dendrites; (3) isolated thread-like AT8-immunoreactive proximal basal dendrites. In addition, we did not see (4) combinations of an AT8-immunopositive axon and an immunopositive soma without an immunoreactive dendritic tree, or (5) a combination of AT8-immunoreactive threadlike proximal basal dendrites and an immunopositive soma in the absence of immunoreactive distal dendritic segments. Finally, we did not see AT8-immunopositive spiny stellate cells in layer IV of any of the cases studied.
Discussion
In AD, the development of tau pathology is confined to select types of nerve cells of the human brain (Hyman and Goméz-Isla 1994) . From its outset, the pathological process consistently involves specific subcortical nuclei and cortical areas and, thereby permitting the distinction of different stages of the intraneuronal lesions (Braak et al. 2006; Duyckaerts et al. 2015; Del Tredici 2015a, 2015b) . From the transentorhinal region (NFT stage I), tau pathology progresses into both the temporal allocortex (i.e., entorhinal region and hippocampal formation, Fig. 1 , NFT stage II) and the temporal neocortex (Fig. 1, NFT stage III) . This is followed by involvement of additional regions within the neocortex: parietal and occipital high-order association fields, prefrontal areas (NFT stages IV and V), sensory first order association fields as well as premotor areas (stage V), and, finally, the primary areas (NFT stage VI). The disease-associated symptoms gradually emerge after a protracted preclinical (i.e., clinically silent) phase (Amieva et al. 2008) , and it remains unclear why such a slowly, but relentlessly, progressive disease process fails to go into remission (Braak and Del Tredici 2015a) .
The uniform topographical or regional distribution pattern of the tau lesions during each NFT stage is in line with the concept put forth by some researchers that spreading of tau pathology within the brain might proceed along axons of involved nerve cells within a given field to hitherto uninvolved nerve cells in other fields (Saper et al. 1987 ). More recent experiments show that pathogenic forms of tau are capable of seeding and can be transmitted over distances axonally and transsynaptically (Clavaguera et al. 2009; Brundin et al. 2010; Guo and Lee 2011; De Calignon et al. 2012; Liu et al. 2012; Ahmed et al. 2014; Dujardin et al. 2014; Calafate et al. 2015; Lewis and Dickson 2016; Kaufman et al. 2017; Mudher et al. 2017 ). Applied to the neocortex, this would imply that the majority of vulnerable pyramidal cells there in AD are not programmed to receive subcortical data or to send it to extracortical regions. Instead, it is more reasonable to surmise that these vulnerable pyramidal cells establish connectivities chiefly between individual neocortical fields (DeFelipe and Farinas 1992; Nieuwenhuys 1994).
Spreading of tau pathology directed by subcortico-cortical pathways is unlikely for 2 reasons: First, during NFT stages I-IV, the only subcortical sources that could possibly transmit seed-containing tau aggregates via axonal transport to neocortical pyramidal cells are the non-thalamic nuclei with diffuse cortical projections (Nieuwenhuys 1996) , e.g., the locus coeruleus, upper raphe nuclei, and magnocellular nuclei of the basal forebrain. Ascending and highly ramified projections from these nuclei relay data widely to large fields of the cerebral cortex using chiefly non-junctional varicosities and volume transmission rather than complete (classical) synapses with pre-and postsynaptic densities (Nieuwenhuys 1999 (Nieuwenhuys , 2000 O'Donnell et al. 2012) . Thus, the projections of the subcortical non-thalamic nuclei would not spread the pathology in a selective manner to cortical sites but diffusely to all regions of the cerebral cortex. Such a spreading pattern, however, is inconsistent with the selective regional distribution pattern of abnormal tau during successive NFT stages, where the pathology first involves projection neurons of high-order association fields and prefrontal areas, then those of first order association fields and premotor areas, and only at the very end also those of the primary sensory and motor fields (Fig. 7) . Second, the subcortical non-thalamic nuclei are not predominantly supplied with the type of synapse required for transsynaptic seeding-induced transmission or propagation of tau between involved and uninvolved projection neurons, and this may explain why the locus coeruleus, for example, does not display avid tau seeding activity (Kaufman et al. 2018) .
Postulate: the 4 Groups of Pathological Changes Correspond to 4 Pathological Sequential Phases
We described above abnormal AT8-immunopositive tau aggregates in solitary pyramidal neurons of layers III and V in the neocortex of individuals with neurofibrillary changes corresponding to NFT stages I-IV. These findings were remarkable in that they usually occur in regions that typically become involved first in later NFT stages. In other words, relative to their NFT stages, the pathologically altered pyramidal cells were far-removed from the affected regions elsewhere that displayed essentially more severe tau pathology. Owing chiefly to their isolated locations, but also because all 4 groups of pathological changes were present in 20/40 individuals and, in an additional 13/40 cases, the abnormalities associated with the first 2 or first 3 groups were seen (Table 1) , we postulate that the 4 groups represent 4 phases in a developmental sequence (Table 2 , Fig. 5e-h ).
Taken together, the 4 proposed phases may represent an initial "reaction" of a previously uninvolved neocortical field to the progressive neuron-to-neuron and transaxonal spread of pathological tau originating from fields with a greater degree of involvement. According to this idea, all newly involved neocortical fields, whether motor or sensory areas, would react similarly to the pathological process regardless of age and gender (Table 1, Figs 2-4) . Likewise, the abnormal AT8-immunopositive changes associated with the 4 phases would not be influenced by the presence of the low Aβ plaque phases or by the absence Generation of the axon (a) is followed by that of a radially-oriented apical dendrite, including its tuft of terminal twigs (b). Next (c), short basal dendrites develop that are complemented by (d) a skirt of later-maturing distal segments of the basal dendrites. Proposed sequential development of AT8 lesions in solitary pyramidal cells located in regions of the neocortex that typically become involved only in later NFT stages (e-h). Distal dendritic segments become filled with AT8-immunoreactive tau aggregates (e). This is followed by the development of immunopositive thread-like structures that emanate from the distal segments into the proximal dendrites leading towards an AT8-immunonegative hub, presumably the cell soma (f). The soma of the pyramidal cell together with proximal portions of the apical dendrite become AT8-immunopositive (g).
Finally, the entire pyramidal cell, including its axon, is AT8-immunoreactive (h).
of diffuse Aβ plaques in a given neocortical field (Table 1 ) Serrano-Pozo et al. 2016 ).
Bottom-Up Versus Top-down Connectivities in the Neocortex
The various fields of the neocortex evolved phylo-and ontogenetically in an ordered sequence and they also mature in this consecutive order. This phenomenon is traceable in the ontogenetic gradually progressive process of myelination and in the functional maturation of the fields of the neocortex that is linked to myelination (Van der Knaap et al. 1991; Paus et al. 2001; Grydeland et al. 2013) (Figs 6 and 7 , blue arrow at far right). The neocortical sensory and motor primary fields were the first to emerge (Fig. 6a A) followed by a girdle of adjacent sensory first order association areas and premotor fields (Fig. 6a B) . These association areas and premotor fields were supplemented by a profusion of high-order fields (parietal and occipital highorder association areas and prefrontal fields; Fig. 6a C) . At the end of this process, the sensory high-order association areas of the basal temporal lobe emerged, which also mature very late (Fig. 6  D) , and the last of these is the transitional region between the temporal neo-and allocortex: the transentorhinal cortex (Fig. 6a ) Del Tredici 2015a, 2015b) .
As depicted in Figures 6 and 7 , the AD process progresses from D to C, from C to B and, finally, from B to A (Figs 6a-c and 7a-c, red arrow at far left)-in the reverse direction to myelination and to the functional maturation of the cortical fields (retrogenesis) (Braak and Braak 1996; Reisberg et al. 1999 Reisberg et al. , 2002 . Among the connections between the various fields of the neocortex are those that establish links from A to B, then B to C and, finally, from C to D (Figs 6 and 7, thin black arrows between boxes indicate bottom-up or so-called "upstream" connectivities that end in layer IV). Others run in the opposite direction: from D to C, from C to B, and from B to A (Figs 6 and 7, thick red arrows between boxes indicate top-down or socalled "downstream" connectivities) (Rockland and Pandya 1979, Barbas and Rempel-Clower 1997; Felleman and van Essen 1991; Pandya 1995; Hochstein and Ahissar 2002) . Bottom-up connectivities from A to B mature earlier than the bottom-up connectivities from B to C (or than those from C to D) and before the top-down connectivities from B to A. The top-down connectivities from D to C and from C to B mature only after the connections from C to D attain sufficient maturation.
Bottom-up connectivities terminate preferentially on small projection neurons of the granular layer, namely, the spiny stellate cells of layer IV. The spiny stellate neurons establish contacts via a short radially-oriented axon to proximal segments of the basal dendrites of pyramidal cells in neocortical layers III and V. In this manner, the spiny stellate cells disseminate the data in an ordered manner to additional projection neurons that belong to a cortical column (Bannister 2005; Barbas 2007) .
It is noteworthy that the AD-associated process leaves the spiny stellate cells intact (Braak and Del Tredici 2015a) . Moreover, there are no indications that the axonally-interconnected neuronal constituents of a given cortical column become collectively affected. Whether projection neurons with bottom-up connectivities become involved at all during AD is unknown. Cells like the spiny stellate neurons are not among those that are specifically vulnerable and, thus, it is not likely that they could produce tau seeds or axonally transport them. As such, disease progression possibly takes place only by anterograde transport of tau seeds along top-down connectivities (thick red arrows between boxes in Figs 6 and 7) . Currently, top-down connectivities are the focus of ongoing experiments seeking to explain the status of impaired conscious perception during anesthesia (Bullier 2001; Hochstein and Ahissar 2002; Meyer 2011 Meyer , 2015 . Top-down connections in the neocortex emerged and mature later than the bottom-up connections. Only after B achieves a sufficient degree of maturation and after the connectivites from A to B find their contacts to proximal segments of the basal dendrites of pyramidal cells in neocortical layers III and V, is it possible for connectivities to develop from B to A. However, those in A synapse on pyramidal cells, whose proximal dendrites are already occupied by numerous synapses (inter alia belonging to bottom-up projections, or in A thalamo-cortical projections). Nonetheless, during this developmental phase, the dendrites continue sprouting and they produce new distal twigs that in turn provide additional sites for new synapses for the axons that grow into the cortex during this same period.
Tau Seeding in Basal Dendrites and Tau Spreading Along Cortico-cortical Top-Down Connectivities
Here, we shall argue that the proposed phases 1-4 ( Fig. 5e-h ) repeat, in reverse order, the phylo-and ontogenetic development that takes place in the neocortical pyramidal cells themselves (Marin-Padilla 1992) ( Fig. 5a-d) . Assuming the hypothesis of a prion-like transsynaptic transmission of abnormal tau is correct, and inasmuch as AT8-immunoreactive tau is confined to distal segments of basal dendrites (phase 1) (Figs 2 and 5e), it follows that abnormal tau could be transmitted only into distal segments of basal dendrites of pyramidal cells located in previously uninvolved neocortical fields. Developmentally, this location makes sense because not only the late-emerging distal dendritic segments of potential recipient pyramidal neurons but also the synapses located on these segments are partially immature (Arendt et al. 1998 (Arendt et al. , 2017 Arendt 2000; Yogev and Shen 2014) . This immaturity could permit the transmission of abnormal proteins.
It has long been thought that the natively soluble and unfolded ("normal") tau protein is produced in the cell soma and then re-sorted (provided it is fully functional) chiefly into the axonal compartment (von Bergen et al. 2005; Iqbal et al. 2009 ). There, in mature nerve cells, it helps to stabilize the axonal microtubules (Dotti et al. 1987; Alonso et al. 2008; Zempel et al. 2010) . However, the resorting theory is partially inconsistent with our phase 1 findings because it is highly improbable that normal tau can be transferred without a trace and rapidly from the axon of projections neurons into the distant distal dendrites (Thies and Mandelkow 2007; Serrano-Pozo et al. 2011) or that it can be transported rapidly to distal dendrites following renewed tau synthesis in the cell soma (Braak and Del Tredici 2015b) . Moreover, none of the nerve cells that become involved during phase 1 display abnormal tau protein in their axons (Figs 2 and 5e ). Thus, our findings are in agreement with those of other groups that show "normal" tau is also present in dendrites (Tashiro et al. 1997; Hoover et al. 2010; Ittner et al. 2010; Ittner and Götz 2011; Tai et al. 2012; Merino-Serrais et al. 2013) . This implies that, following transsynaptic transmission, it is dendritic tau that would be capable of perpetuating the pathological cascade (Tai et al. 2012; Merino-Serrais et al. 2013) .
Ipsilateral top-down projections are said to terminate predominantly in layer I and diffusely in other cortical layers while virtually sparing layer IV (Barbas 2007; Meyer 2015) . Our AT8-immunopositive findings in the neocortex are not compatible with this concept. Notably, abnormal tau does not appear initially either in terminal tufts of apical dendrites (i.e., in layers I or II) or in axons in layers I or II (Fig. 5h) . In addition, it appears unlikely that top-down axons from late-maturing neocortical areas would preferentially synapse on the most mature segments of their target cells in subordinate fields.
In phase 2, abnormal tau progresses with thread-like protrusions from AT8-immunoreactive distal segments into the proximal segments headed in the direction of the cell soma (Figs 3a-d and 5f ). This finding emphasizes the distinction between distal versus proximal segments of basal dendrites (Häusser and Mel 2003; Gordon et al. 2006; Branco and Häusser 2011; Merino-Serrais et al. 2013) . At the same time, it supports the assumption that the synapses located on the proximal segments do not play a role either for abnormal tau propagation or disease progression. As pointed out previously, it is principally the axons arising within the same cortical column (e.g., axons of layer IV spiny stellate cells), which establish the synaptic contacts to the proximal dendrites of the columnar pyramidal cells (Markram 1997; Merino-Serrais et al. 2013) . However, the bottom-up connectivities (spiny stellate cells and their axons) remain untouched by the AD process. As such, the abnormal tau changes observed in the thread-like proximal dendrites in phase 2 are not comparable to those seen in the distal dendritic segments of neocortical pyramidal cells (Figs 3a-d and 5f ).
The cell soma and the proximal apical dendrite become filled with abnormal tau in phase 3 (Figs 3e,f, 4a,b, and 5g) . During the fourth phase, AT8-immunopositive inclusions also develop in the axon (Figs 4c,d and 5h) without light microscopically detectable damage to the axonal cytoskeleton (Fig. 4c,d ). These findings are not compatible with the established theory that, following resorting of native tau into the axon, abnormal tau changes begin in the axon. Nor are they compatible with a mechanism of neuron-to-neuron prion-like propagation because the transmission of abnormal tau presupposes the existence of an intact axonal cytoskeleton. We cannot identify the source of abnormal tau in the axon, but it is known that it is initially soluble and uniformly distributed within the axoplasm (Kopelkina et al. 2012 ). All of this suggests that, even in phase 4, the axon is functional and capable of transporting abnormal (dendritic) tau seeds via intact synapses to interconnected neurons. This situation is superseded by the presence of-apparently less solublespindle-like non-argyrophilic tau aggregates in the axon interspersed by AT8-immunonegative axonal segments, and this situation appears to remain stable for a long time because axons containing AT8-immunopositive inclusions are found even in end stage AD cases (Velasco et al. 1998) . Thus, the transmission of pathogenic tau seeds may only be possible for a short period, a constraint that could contribute to the interminably protracted disease progression observed in AD. Indeed, most of the neocortical pyramidal cells that develop neurofibrillary lesions survive for many years (Morsch et al. 1999; Braak and Del Tredici 2015a) , perhaps because the toxic protein tau (at least in our interpretation) is generated primarily within the dendritic compartment and the axonal cytoskeleton is left nearly unimpaired.
It is possible that multiple seed-bearing axons belonging to various previously involved pyramidal neurons all synapse in unison on the ends of all of the basal dendrites of a single intact pyramidal cell in a distant, and heretofore uninvolved, region of the neocortex without synapsing on directly adjacent nerve cells. This scenario, however, appears very improbable in our estimation. Instead, our findings suggest that the terminal axon collaterals of a top-down projection from a single pyramidal cell synapse on all distal dendritic segments of one and the same target neuron (Figs 2 and 5e ). Thus, in our model, spreading of abnormal tau seeds from a seed-bearing axon would occur at multiple synapses located on distal segments of all basal dendrites belonging to a single target neuron (Figs 2 and 5e). Although we cannot explain the mechanisms of this proposed one-to-one selectivity, it could boost the toxic effect of transsynaptically transmitted pathogenic tau, and it could trigger tau seeding in the recipient neuron with a much greater degree of probability than if abnormal tau transmission were to take place across a solitary synaptic contact. Such a mechanism might even be necessary for an effective transmission of abnormal tau and eventually also contribute to the protracted disease course. It might explain as well why the inexorably progressive AD process fails to be subject to spontaneous remission.
Conclusion
This study has several drawbacks: First, it was crosssectional and not prospective autopsy-controlled (SerranoPozo et al. 2011) ; second, we focused only on the pathology in the large pyramidal cells of layers III and V of the neocortex: These lesions "fit" into what we interpreted as a uniform series of patterns. Nevertheless, it must be pointed out that other types of cortical nerve cells, above all the projection neurons in allocortical regions, display different patterns of AT8-immunopositive lesions (Braak and Del Tredici 2015a) than those presented here.
Not only the new findings in the neocortex but also our interpretation of them here are somewhat unconventional. Nevertheless, from an ontogenetic standpoint, it is conceivable that the late-emerging distal dendritic segments of neocortical pyramidal cells navigate to and establish connections with the axons of late-maturing pyramidal cells in other cortical regions in a highly ordered manner and not randomly (Yogev and Shen 2014) . Traditionally, top-down cortico-cortical connections are thought to project in a diffuse manner to numerous and different neuronal constituents in the cortical target areas. However, should our ideas about top-down cortico-cortical pathways prove accurate, then it would be necessary to rethink at least some of the present concepts pertaining not only to the neuropathology of AD but also the structure and function of the human neocortex. In AD, for instance, this means that the contribution of dendritic tau to the pathological process would increase over against that of axonal tau and the microtubule resorting theory. In the human neocortex, this means that not only the bottom-up projections selectively focus their data flow between different neocortical fields (namely, from a given location in the output field to a single column in the target field). The same principle also applies to top-down projections through direct contact by a single axon to only a single projection cell in the target field and to no other projection cell in the target cell's environs.
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